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Abstract 
In fast-paced games like American football, the action (and the viewers' interest) often revolves around the location of key game 
assets, such as the football. It is difficult to track the football because it is often obscured or moving rapidly, essentially meaning 
that the broadcast-camera operators must manually track the football to provide feeds of the most interest. In this paper we 
describe the design and implementation of sensor-system that uses received signal strength data from multiple strategically 
placed sensor nodes to localize the game asset to an accurate camera region within a latency of 100ms. Using this real-time 
localization strategy, we can automate the control of broadcast cameras even in a fast-paced game with dramatically game-
changing moments (such as a kickoff return for a touchdown). This paper describes the design of the sensors, the network 
protocol, and the architecture of a deployable system in the field of play. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
In fast moving sports such as American Football, sports broadcasters would like to show as much of high 
detail game action as possible without any blank phases in live broadcast. The task of broadcasting a live game is 
extremely strenuous for the broadcast director (figure [1]), who manages the selection of camera feed (figure [2]) 
that should be broadcasted, and labour intensive for the broadcast-camera operators who have to manually track 
essential game assets [12]. Often in American Football, game changing moments are quick and instantaneous 
making it difficult for a human to track them accurately and the best option they have are to cut to a wide angle shot 
of the play.  
In Figure [3], we show a sequence of the wide angle camera shot of a kickoff during a normal TV 
broadcast. In an event like a kickoff the viewer lose 10 – 20 sec of valuable high resolution game action because the 
camera cut to a wide angle view instead of a tight view as it would be impossible for him to track the location of the 
ball. Take the example of when Wyoming's Devin Moore ran a kickoff off back 98 yards for a touchdown against 
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Colorado State. The impressive fake reversal move in that particular play was not caught by a camera with a tight 
view on the action or the director was not sure which camera angle should be selected and stuck with the wide 
camera view for real time broadcast. 
Automatically following game assets based on the location of the game assets in real time is a solution to 
ease the stress on broadcast-camera operators and to improve the viewers experience in face-paced critical moments 
of the game. Based on the camera system deployed in the football stadium the cameras can be automated to follow a 
game asset if its location is known to a central control system in real-time. Along with tracking the football there are 
also special cameras that are deployed primarily to follow the action of a star player or the coach. Adding manually 
controlled cameras for the specific purpose of following a player is not only expensive but not adequate as there will 
always be times where the camera controller will lose track of the player in the field. Fox Trax [5] adopted a similar 
real-time tracking of an ice-hockey puck in a game.
In this paper, we propose embedding a miniature, low cost and low power sensor node into a football and 
also player’s helmets to track these game asset so that this data may be used to automate camera feed selection for 
broadcasting and also have the a camera follow them using an electrically controllable mechanical contraption. 
Strategically located reference nodes of this sensor network will capture data from the sensors placed in the game 
assets and triangulates the location of the asset. The network is setup to continuously monitor the signal strength of 
the transmitting sensor and produce a new area estimate every 100ms. Received signal strength data is 
instantaneously forwarded to a centralized base station and that can be used localizes the game asset in the field. We 
describe how this localization data can easily be used to select camera feeds from multiple cameras placed around 
the field. The sensor tracking granularity we are purposing is in multiple feet, so it is sufficient enough for the 
automating camera feed selection as proposed in this paper. An important feature of this system is that it is scalable 
to track a number of game assets in the field without adding technology cost and man-power. The present manual 
tracking system is not easily scalable to track multiple game assets and is also inadequate for a good viewer’s 
experience. 
Figure 1. Inside a broadcast truck during a live game Figure 2. Camera Feeds during a live game braodcast
Figure 3. Sequence of camera shots during a kickoff
2668 H. Gandhi et al. / Procedia Engineering 2 (2010) 2667–2673
H. Gandhi et al. / Procedia Engineering 00 (2010) 000–000 3
2. Methods 
There are three different types of nodes in this network based on their respective tasks - the Mobile Sensor 
Nodes (MSN) themselves are embedded within the game asset, the reference nodes are statically placed in the area 
of interest and a single base node collects the data from the reference nodes and transmits it to a base node. The base 
node gathers all the reference node information during the game and estimate the location based on signal strength 
in real-time. This section describes the industrial design for these sensor nodes and the specific communication 
protocol that is implemented to achieve a low latency of 100ms between every estimate. 
Since the MSN is embedded within the game asset, the form-factor and weight of the node are critical design 
parameters. At the core of this node is an integrated transceiver and microcontroller unit (MCU) chipset (Chipcon 
CC1111 with an 8051 MCU) [7]. A 50 ohm inverted-F unbalanced PCB antenna [6] is integrated on a double sided 
PCB with single side component population. To provide both orientation and acceleration sensing capabilities, the 
MSN incorporates a 3-axis digital compass (Honeywell HMC6343) [5]. The HMC6343 combines a 3-axis magneto-
resistive sensor for orientation tracking with a 3-axis MEMS accelerometer. The MSN communicates its sensor state 
to a reference node that is strategically placed around the area of interest, i.e., the football field. Like the MSN, the 
reference nodes also incorporate a CC1111 chipset to provide both communication and computation functionality. 
The base node collects all the data from the reference nodes and forwards it to a base station with higher processing 
power where real time measurements are inputs to the area estimation algorithm. The choice of antenna and physical 
dimensions for the base node are not critical. The base node uses the USB-device physical layer integrated in 
CC1111 to communicate the acquired data to computer or a system with higher processing power. The base station 
collects the respective signal strengths and estimates the asset to exist in one of 9 exclusive regions on the field 
given comparative ratios of signal strengths. From this region, the base station can then instruct the camera feed to 
switch to the particular camera that films the current area of interest. The accuracy of the area estimate depends on 
the density of reference nodes placed around the field.  It is not within the scope of this paper to discuss the 
techniques that can be adopted to automate camera selection based on region. For the purpose of this paper it is 
assumed that the base station operates a multiplexer that controls which camera feed is broadcasted. 
Specification Value Units 
Dimensions 56 * 43 * 4 mm 
Weight 28 grams 
Current 30  mA 
Antenna Inverted F PCB antenna  
Antenna 
Impedance 
50 ohms 
Battery 3.7V-150mAh Li-Polymer   
Frequency 915M Hz 
Compass 
update rate 
10 Hz 
Modulation GFSK  
Carrier Freq. 915 MHz 
Figure 4. Sensor Node and Reference Node with 
specifications
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The goal of the protocol implemented to communicate the sensory data from the sensor and reference nodes to the 
base node is to have the minimum latency for a real time performance and to keep it as simple as possible. The 
nodes communicate with each other in three phases. These three phases form a single cycle of location estimation. 
Each cycle is designed to be a 100ms and thus the refresh rate for area estimation is 10Hz. The rate of 10Hz gives 
enough time for 10 reference nodes to communicate their data to the base station. In phase one the sensor node 
broadcasts a packet to the reference nodes with orientation and acceleration data, along with its relative 
displacement computed by the sensor node. The reference nodes receiving this packet from the sensor node use it to 
reset their timers and synchronize with the sensor nodes and thus with each other. The length of this phase is 10ms. 
After synchronizing their respective timers the reference nodes wait for a predefined time after which they assume 
that the sensor node is in phase two. The sensor node begins to burst out a carrier signal at the base frequency which 
is 915MHz with 10dBm of output power and continues to do so for 50ms. At this time all the reference nodes are 
sampling the received signal strength with their antennas and receivers tuned to the base frequency and averaging 
the signal strength under this window. At the end of the second phase all the reference nodes have orientation data 
from the sensor node and an average of the received signal strength over the 50ms window. In phase three of the 
communication which encompasses the last 40ms of the cycle each reference node is assigned a node number and a 
slot within which that particular node must transmit its computed received signal strength. This phase is divided into 
10 time slots for 10 different reference nodes. Adopting this communication protocol between the nodes provides a 
fresh area estimate of the game asset every 100ms and thus delivering real-time tracking.  
3. Results 
3.1 Testing Hardware Limitations 
Certain assumptions must be made for a system to accurately estimate the position of a node using absolute received 
signal strengths from a set of strategically-placed reference nodes: 
a) The antennas used in communication are omni-directional. The radiated power is assumed to be 
approximately equal in all directions. 
b) There is negligible or no image construction or destruction due to ground conductance 
A series of tests are performed to measure exactly how these ideal assumptions correlate against actual system 
behavior in an outdoor field setting. 
Figure 5. Communication Sequence
Figure 6. Mounting on helmet and football
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3.1.1. Received Signal Strength versus Distance 
In this test a reference node is placed at an arbitrary location on the field. The subject wearing a sensor node-
mounted helmet walks from 1m to 70m away from the reference node along a straight path. Figure 7 plots the 
relationship between signal strength and displacement from the reference node. The signal attenuation can be 
modeled by the following equation: 
           (1) 
The displacement per decibel (dB) is not a linear function of received signal strength in dB, so to improve accuracy 
of a sensor system based on absolute received signal strength the density of reference nodes must be increased in the 
same area of interest. In Figure 7 the experimental data closely follows the ideal model as expressed in equation 1. It 
is speculated that the effect of ground conductivity introduces images that construct or destruct at the receiver causes 
“humps” in the received signal strength. Figure [7(a)] shows the effect of ground conductivity apparent in the 
perturbations in signal strength observed.  
3.1.2. Non-Isotropic Antenna  
Orientation of the sensor node embedded in a game asset may change dramatically during a game. For a set of 
reference nodes to estimate the position of the game asset correctly it is important that the antenna radiates the same 
power from a given location irrespective of its relative orientation to those nodes. For ideal cases, the assumption 
that all antennas are isotropic can be made but this is incredibly inaccurate in an actual low form-factor application. 
Due to the unideal nature of the application, a test was performed to measure the radiation pattern of the sensor 
node’s antenna after it is mounted on a helmet of a subject as in Figure [7(b)]. The radiation pattern is highly non-
isotropic and this leads to heavy errors in location estimation, however this information may be used tentatively to 
correct for the apparent error in displacement. 
Figure 7. Experimental Results 
3.2. Real-Time Localization 
A test was performed to use signal strength data to estimate the spatial location of the MSN in a 2-D plane. For this 
experiment, four receiver nodes were placed at the corners of a 32m x 28.6m region of the field and a football 
mounted with a sensor node was moved to known locations on the field. Figure [7(c)] shows actual locations of the 
subject as the squares and the estimated positions from the sensor data as diamonds. This region can be divided by a 
grid into nine regions. This present system is able to accurately localize the game asset to one of the nine regions 
encompassed by these four reference nodes. 
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3.3. Complete field deployment and Automating Camera Selection 
In the assumed camera setup there are 10 cameras placed around the field. The camera feeds from each camera is 
sent over to a central broadcasting truck. A simple multiplexer based system can be deployed there to select a feed 
that contains a game asset of interest. This paper proposes to deploy 10 such reference nodes in this field providing a 
resolution of 90 regions in the field. The proposed grid structure and proposed camera placement is shown in Figure 
[8]. To test the proposed we have development a graphical simulation of how 10 cameras around the field are 
selected based on the region in which the game asset is localized for a particular frame of data received. Although 
this paper describes a simple camera selection based approach to follow game assets it is easily possible to automate 
broadcast cameras to rotate and zoom in or out based on the location of the game asset. 
4. Conclusion 
Real-time tracking of multiple game assets is made possible by the low-cost sensor system proposed in this 
paper and is scalable to track multiple game assets without adding expense or complexity to the system. Automation 
of broadcast-camera selection and camera capture is an important improvement to the game of American Football 
and can deliver a much better viewer experience while reducing the burden on camera operators and broadcast 
directors. This sensor system can also be perfected and adapted to different sports and applications in the future. 
5. Related Work 
Localization techniques are typically categorized as either range-based or range-free techniques – range-
based techniques use point-to-point distance estimates based on received signal strength or time of arrival to provide 
location estimates, while range-free techniques do not use any such information  and, instead, rely on information 
such as network connectivity between sensor nodes [1] were the first to experimentally investigate location sensing 
based entirely on signal strength measurements, although entirely in an indoor setting [4] proposed an indoor 3D 
localization technique called SpotOn based entirely on aggregating RF signal strength values from multiple 
transmitters. As reported by the authors, the amount of time taken to sample the data required to provide a location 
estimate is up to 20 seconds, which is too coarse for real-time football tracking [10] experimentally study the factors 
that reduce the accuracy of signal strength based localization systems and propose a multi-hop technique utilizing a 
dense sensor network deployment to increase the accuracy of range-based localization. This technique has limited 
applicability in a game asset tracking scenario since the sensors cannot be densely embedded in the playing arena [9] 
Figure 8. Deployment setup and graphical representation of camera selection
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use a GPS equipped mobile beacon to localize a set of stationary sensor nodes, where each sensor node uses senses 
multiple transmissions from the beacon to find its position estimate. Previously proposed range-free algorithms such 
as DV-Hop [8] and APIT [3] avoid the need to pre-characterize the physical layer propagation characteristics of the 
radios, antennae and environment but are based on dense fully-connected network topologies. As mentioned before, 
such topologies are infeasible for our application in which a single node, i.e., the game asset, needs to be localized in 
a large game arena in which sensors cannot be densely embedded. From a slightly different perspective, [2] 
proposed the synergistic use of a GPS based location tracking system along with an odometer and an accelerator to 
provide location estimates in regions with low GPS signal strengths. While this work is similar to ours in spirit, we 
note that on-board GPS sensors are too expensive and more importantly, bulky, to fit within the form-factor and 
weight specifications of the sensor node that is embedded within the game asset. A good inspiration is the work on 
tracking a hockey puck [11] which adopted a RF based approach but then reverted to a camera tracking system 
using infrared beacons on the game asset. 
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